Trypanosoma brucei brucei (EATRO-164) contains a tandem array of six genes encoding a glucose transporter, THTl (trypanosome hexose transporter), followed by five genes encoding a second isoform, THT2. Two distinct clusters containing THTI and THT2 genes have been identified in the EATRO-164 clone and in most other African trypanosome clones analyzed. Analysis of progeny from crosses between clones of T. b. brucei displaying polymorphism in THTl copy number per cluster suggests that the two clusters of THT genes are present on homologous chromosomes. In addition, analysis of 30 African trypanosome clones revealed a high degree of polymorphism in THT 1 copy number per cluster. Sequence comparison of five THT 1 and two and one-half THT2 unit repeats, present within a 20-kb region, provided information about the genesis and evolution of the THT multigene family. The most divergent regions between THT 1 and THT2 unit repeats probably arose from insertion of DNA fragments into an ancestral THT region. Genes of each of the different families are almost identical, and there are large regions of identity shared between THTl and THT2 members. A mosaic copy containing most of a THTl gene with the 3' extremity of a THT2 gene is found within the cluster. These results suggest that THTl and THT2 arose by modification (insertion, mutation, or conversion) of duplicated ancestral genes. Functional constraints and homologous recombination may be evoked to explain the maintenance of the conserved sequences of THTl and THT2.
Introduction
Multigene families, which can be virtually homogeneous or highly polymorphic, are common features of eukaryotic genomes. They arise and evolve by gene amplification, sister chromatid exchange, single-base mutation, random genetic drift, gene conversion, and selection. Single-base mutation and random genetic drift contribute to diversification of family members, whereas the role of gene conversion in the evolution of multigene families is more complex (Walsh 1987) . The high degree of homogeneity among members of gene families is attributed to a process known as "concerted evolution" (Zimmer et al. 1987) . This term indicates that the units of a gene family tend to evolve in unison and are kept similar to one another within a species, while they diverge in structure between species.
The Trypanosomatidae, including African try panosomes, are good models for the study of the genesis and evolution of multigene families, since about half 01 their characterized genes belong to multigene families, Several of these families have been shown to be firs1 transcribed as polycistronic messenger RNA (mRNA: before being spliced and processed into monocistronic mRNAs (Borst 1986; Laird 1989) . Consequently, dif ferential expression of some members of a family implies that the intergenic regions of the pre-mRNA are of primary importance for regulated gene expression. Furthermore, frequent recombination events are observed in African trypanosomes:
gene conversion is involved in antigenic variation (Roth et al. 1989; Cross 1990) . and homologous recombination is the main mechanism observed during stable trypanosome transformation (Eid and Sollner-Webb 199 1 b). In addition, gene recombination seems to maintain the conserved regions between members of trypanosome multigene families (Le Blancq et al. 1988; Alexander et al. 1990; Gwo-Shu Lee et al. 1990) .
In previous studies (Bringaud and Baltz 1992, 1993 ) of Trypanosoma brucei brucei (EATRO-164), we characterized a multigene family encoding two types of dif ferentially expressed glucose transporters.
This family is Evolution of Trypanosome Glucose Transporter Genes 22 1 composed of six THTl (trypanosome hexose transporter) genes followed by five THT2 genes, arranged in tandem.
THTl is expressed predominantly in the bloodstream form, which exists in a glucose-rich milieu, while THT2 is expressed exclusively in the insect forms that utilize proline preferentially as its carbon source. Here, we propose a model for the genesis and evolution of this family on the basis of results from DNA sequence analysis and study of the THT multigene family organization.
Material and Methods Trypanosomes
The bloodstream clones Trypanosoma brucei brucei EATRO-164 (provided by R. Brun), T. evansi SH, XJ, 2 187, and 2 189 (provided by Z. Zhang) were harvested from the blood of infected rats or mice, as described elsewhere (Bringaud and Baltz 1992) . Progeny of crosses (Turner et al. 1990 ), including the clone designated "F532/72mcl-3," between T. b. brucei clones TREU-927/4 and STIB-247 were the gift of C. M. R. Turner and A. Tait. fragments that contain a multigene family encoding two distinct glucose transporters, THTl and THT2 (Bringaud and Baltz 1992) . Five of the six THTl copies and two and one-half copies of THT2 contained in these genomic fragments have been subcloned and sequenced ( fig. 1 ). The THTl copies are more than 99% identical and share 80% identity with the cloned copies of THT2. Further analysis of one of these THTl copies (THT le) revealed that it is a mosaic consisting of 85% THTl sequence (from amino acids 1 to 392) and 15% THT2 sequence (C-terminus) ( fig. 2 ). This observation suggests that the THT 1 e hybrid copy has been generated by DNA recombination between a THT 1 copy and a THT2 copy.
Conserved Regions of the THT Repeat Units
The DNA sequence from four THTl unit repeats (2.4-kb Hind111 fragments) revealed 10 single-base differences, all of which are located in the 5' and 3' coding regions and the intergenic regions. Three of these differences are in the coding region (2,395 bp), and seven are in the intergenic regions (8 10 bp fig. 2 ). The fact that this area is highly probes were removed from the membranes in boiling conserved, yet is surrounded by divergent sequences, has water washes containing 0.5% SDS. two important implications. First, this region probably encodes amino acids essential to both THT proteins. It Results is noteworthy that the C-terminal half of the erythrocyte Sequences of the THT Cluster glucose transporter, and probably other glucose transIn a previous paper we described the cloning and porters, including THT 1 and THT2, contains the bindanalysis of two Trypanosoma brucei brucei genomic ing site for glucose and other hexoses (Silverman 199 1). . A, Genomic fragments THTg.A and THTg.B, which contain THT 1 and THT2 copies. They are represented by unblackened and blackened boxes, respectively. The Hind111 subclones containing THT 1 copies ( 1 b#, 1 c#, 1 d#, 1 e, and 1 I) or THT2 copies (2a, 2b, and 2c) and the EcoRI subclone containing THT2 copies, isolated from the THTg.A and THTg.B genomic fragments, have been completely sequenced. The subclones (lb#, lc#, and ld#) that are almost identical are arbitrarily positioned under the THTg.A map. Fragments le, 1 f, 2a, 2b, and 2c contain the THTle, THTl f, THT2a, THT2b, and THT2c (partial) copies, respectively. B, Restriction map of clusters 1 and 2 containing THT copies. The 17-kb EcoRI fragments containing all the THTl copies are indicated, and the restriction endonuclease polymorphisms between both clusters are circled. A = AvaI; B = BumHI; E = EcoRI; H = HindIII; and N = MeI.
Second, it is possible that genetic exchange between THTl and THT2 coding sequences would act to conserve the sequence of this region, although functional constraints may be very sensitive to selection pressure. The conserved sequences between the two unit repeats contain four homologous direct repeats of 1 l-20 bp. Three of the repeats are located at the 5' extremity of the 200 bp constituting the CR2 conserved coding sequence (figs. 2 and 5). The nucleotide homology of these repeats is not reflected at the amino acid level, and the core of these four sequences (S-ATGGCTGGGGG-3') has significant homology (7/8 bp) with the known recombination hot-spot chi-sequence (5'-GCTGGTGG-3') in prokaryotes (Smith 1983) .
Divergent Regions of the THT Repeat Units
The comparison of THTl and THT2 repeat units revealed two divergent blocks ( fig. 4C ). The more divergent one is found in the noncoding region of the THT 1 and THT2 clusters. Comparison of the different intergenic regions revealed two blocks of conserved sequences (95 and 240 bp) separated by a region, a, that alternates in length (al /a*: 275/429 bp) and in composition (27% identical).
These divergent regions correspond to the 3' untranslated component of the transcripts. The second block of divergence corresponds to the coding sequence located between the CR1 and CR2 regions (600 bp with 66% identity) ( fig. 4C ). This sequence block, b, which is more divergent in length (202 bp for THT 1 and 205 bp for THT2) and in composition (48% identity), encodes the cysteine-rich potential exofacial domain of both glucose transporters.
Because of the polymorphism in length and composition between the noncoding sequences al and a2 and between the sequences encoding the cysteine-rich domain of THTl (b,) and THT2 (bz), we propose that these four large (202-429 bp) fragments have been inserted into ancestral THT repeat units. To test this hypothesis, we analyzed sequences a and b to find the position of these potential DNA insertions.
If the divergent a regions (figs. 4 and 6A) arose by insertion of DNA fragments into the ancestral THT repeat unit, it is highly improbable that the Ai and A2 fragments would have been inserted at exactly the same position.
In the more likely event of insertion into different sites of the same region, the sequence at one extremity of the al region must be found at the other extremity of the a2 region. The 39 bp at the 5' extremity (al) of the al region, which shares only 27% identity with the a2 region, is 55% identical to the 3' extremity of the a2 region (a2) ( fig. 6B ). This observation suggests that the putative insertion site of the A, fragment in the ancestral THT region is about 30 bp (the length of the ancestral a region) upstream of fig. 4 ), and the p sequences at the extremity of the b, and b2 divergent regions (e.g., see fig. 5 ) are underlined.
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the putative insertion site of the A2 fragment ( fig. 6A ). A similar analysis shows that a S-TTATTGGGTA-3' motif (called "p sequence") ( fig. 6C ) is present at the 5' extremity of the Bi fragment and the 3' extremity of the B2 fragment. The B2 and Br fragments were probably inserted just upstream and downstream, respectively, of the p sequence of the ancestral THT copy ( fig. 60) . In contrast to the al and a2 noncoding sequences, the P coding sequences of the bl and b2 regions are identical, probably because of higher selection pressure on coding sequences.
THT 1 Copy-Number Polymorphism
Southern blot analysis of 7'. b. brucei EATRO-164 (data not shown) showed that this multigene family is arranged in two gene clusters present on homologous chromosomes (see below). Each cluster contains six THT 1 copies followed by five THT2 copies ( fig. 1 B) . We do not know whether the second cluster of THT genes contains any hybrid copies. All of the THT 1 copies in T. b. brucei EATRO-164 are located in two 17-kb EcoRI fragments, corresponding to the two previously characterized clusters of THT genes. These 17-kb EcoRI fragments, which also contain a single THT2 copy ( fig.  1 ) , are recognized by probes specific for THT 1 or THT2 genes ( fig. 7A ). The THT2-specific probe also recognized a 2.6-kb EcoRI fragment corresponding to the repeat unit that contains the THT2 copies. A probe specific for the intergenic region between the THT2 copies (IR-2/2 probe) recognized the 2.6-kb EcoRI fragment and a 1.8- THTl copies ( 1 b#, lc#, ld#, le, and 1 f) and one THT2 unit repeat (2b). Nucleotide differences (substitutions are indicated in lowercase letters, and deletion is indicated by "A") and amino acid differences, respectively, are indicated below or above the schematic maps. The positions of the differences are numbered l-13, and the three single-base mutations (positions 9, 10, and 12) only present in one THT copy are underlined.
The unit repeat of THT2b (2b) is shown for comparison of the common sequences with THTl. Blackened sequences correspond to THT2-specific sequences. A = Aval; and N = NdeI.
kb EcoRI fragment located downstream of the last THT2 unit repeat ( fig. 7 ).
Analysis of four T. evansi clones revealed a major polymorphism in the length of the EcoRI fragments containing the THT 1 copies, while the length of the 2.6-kb and 1%kb EcoRI fragments was conserved ( fig. 7) . Fragment lengths detected by the THT 1 probe (fragments II-VI in fig. 7 ) depend on the number of THTl copies. This correlation is supported by several observations: (i) all these fragments contain only one THT2 copy, because a probe specific to the intergenic region between THT2 copies (IR-2/2 probe) does not recognize the large EcoRI fragments; (ii) the difference in length of the fragments is always 2.4 kb, which is the length of the THTl unit repeat; and (iii) hydrolysis with three other enzymes (BgflI, ClaI, and XmnI) that do not cut within the THTl repeat unit, but do cut within the THT2 region, all produce the same RFLP (data not shown). Furthermore, Southern blots reveal either two different bands corresponding to two distinct THT 1 loci (T. evansi SH, XJ, and 2 187 clones) or only one band containing the fragments of both loci (T. b. brucei EA-TRO-164 and 7'. evansi 2 187 clones) ( fig. 7) . It is therefore possible to determine the number of THTl copies in both loci of an unknown clone by determining the length of the fragment(s) detected by THT 1 and THT2 probes.
Using this strategy, we analyzed 30 more clones of the Trypanozoon group (T. b. brucei, T. b. gambiense, T. b. rhodesiense, T. evansi, and T. equiperdum) and confirmed the high polymorphism previously observed (data not shown). The number of THT 1 copies per cluster is 2-8, and per diploid genome is 5-16. About twothirds of the clones analyzed contain different numbers of THT 1 copies at the different clusters, and about 50% of the clusters contain three THTl copies.
The Two THT Gene Clusters Are Present on Different Homologous Chromosomes
In order to determine whether both clusters of THT genes are present on homologous chromosomes, we analyzed progeny from crosses between clones of T. b. brucei with polymorphisms in the number of THTl copies per cluster. The parents used for this study contain three and five copies per cluster and six copies at both clusters (Stib-247). The hybrid progeny F532/ 72mcl-3 contains five and six THTl genes per cluster ( fig. 8) . The inheritence of one THT gene cluster from each parent suggests that these clusters are present on homologous chromosomes that segregate during hybrid formation.
Discussion
The glucose transporters (THTl and THT2) of Trypanosoma brucei brucei EATRO-164 are encoded by two 30-kb multigene family clusters. There are six copies of THTl followed by five copies of THT2 per cluster. Analysis of the progeny from crosses between clones that show polymorphism with respect to THTl gene copy number demonstrates that the clusters are located on two homologous chromosomes. Southern blot analysis of an additional 30 clones of the Trypanozoon group (T. b. brucei, T. b. gambiense, T. b. rhodesiense, T. evansi, and T. equiperdum) demonstrates heterogeneity in the number of THT 1 genes (2-8 copies per cluster and 5-16 copies per diploid genome). The number of copies present in the cluster on the two homologous chromosomes differs in two-thirds of the clones. About half of the characterized genes from trypanosomes are members of tandemly arranged multigene families, and polymorphism in the copy number per locus has been well documented for actin (Ben Amar et al. 1988 ) and calmodulin trypanosome genes (Eid and Sollner-Webb 199 1 a). In addition, Eid and Sollner-Webb ( 199 1 a) observed duplication of a single calmodulin unit repeat when clones of T. b. brucei with only one calmodulin allele were grown in culture. Multigene families and copy-number polymorphism can be generated by recombination events, including duplication of copies and unequal reciprocal recombination between homologous copies.
Comparison of four THT 1 repeat units in the same cluster ( 1 b#, lc#, 1 d#, and 1 f) reveals only 10 singlebase differences in the 2,400 bp. The high (sequence) repeats (underlined). Gaps (-) are introduced into these sequences to maximize alignments. B, Four conserved sequences (l-4) mapped on the THT unit repeats. The unblackened boxes correspond to conserved sequences, and the blackened ones to divergent sequences. Large boxes correspond to the coding sequences, and small boxes to the noncoding sequence. The most-conserved regions (CR1 and CR2) are indicated. C, Alignment of nucleotide and amino acid sequences of THTl and THT2 regions containing three potential recombination hot spots (underlined).
similarity (99%) between members of the THTl multigene family suggests that genetic exchange and selection have homogenized the sequences or that duplication has occurred very recently. The high level of homology (80%) between THTl copies and THT2 copies and between most members of the other multigene families in trypanosomes suggests the occurrence of homogenization mechanisms (gene amplification, sister chromatid exchange, and/or gene conversion). This suggestion is supported by several observations: (i) members of most trypanosomal multigene families are tandemly arranged, and Hipeau-Jacquotte et al. ( 1989) showed, in Drosophila melanogaster, that gene conversion events increase in proportion to the proximity of the members of the family; and (ii) a sequence, with the core of 5'-ATGGCTGGGGG-3', which is repeated four times in THTI and THT2 repeat units, is highly homologous to the chi-sequence, a well-known prokaryotic hot spot of recombination.
The most divergent sequences between THTl and THT2 unit repeats probably evolved by insertion of large DNA fragments into the ancestral THT unit repeat. This hypothesis is supported by three lines of evidence: (i) the two most divergent regions (a and b) differ both in length and in sequence between THTl and THT2 unit repeats; (ii) the region coding for the highly divergent cysteine-rich domain is divergent in length and in sequence for four THT homologous genes from the Trypanosomatidae -THTl (153 bp) and THT2 (156 bp) in T. b. brucei, T. cruzi hexose transporter (TcrHT) (207 bp) (E. Tetaud, personal communication), and Leishmania enriettii transport protein (240 bp) (Cairns et al. 1989) ; and (iii) the highly divergent regions (al /a2 and bl /bz) contain, at opposite extremities, conserved sequences that are probably derived from the ancestral THT unit repeat. The most divergent region, corresponding to the noncoding al and a2 sequences located upstream of the trans-splicing and polyadenylation sites, could be implicated in the differential expression of both THT genes.
These observations suggest that THTl and THT2 copies evolved from a common ancestor by duplication The position of the putative insertion site of the A,, AZ, BI , and B2 fragments is indicated under the map of the ancestral THT unit repeat. B, al Sequence compared with the a2 sequence. Gaps (.) are used to maximize homology. Identities between the al sequence, which is the reference, and the a2 sequence are indicated by dashes (-). C, Comparison of the THTl (reference) and THT2 sequences containing the bl and b2 fragments. The p sequences (S-TTATTGGGTA-3') present at one extremity of both b fragments are underlined. D, Position of the putative insertion sites of the b, and b2 fragments into ancestral THT copies.
